The current study describes the presence of sexually dimorphic cell groups within the MPO of the 129SvEv, but not the C57BL/6J strain of mice. We detected galanin-positive clusters of cells located in the MPO of 129SvEv and C57BL/6J mice, with sex differences found only in the 129SvEv strain. Aromatase-positive and dense Nissl-counterstained clusters of cells were identified only in the MPO of 129SvEv mice, but not in the C57BL/6J strain. Furthermore, this study has demonstrated that the volume of these sexually dimorphic cell groups is regulated by estrogen, but not testosterone, as male aromatase knockout mice (which have high levels of testosterone, but no estrogen) show reduced cell group volumes. These structural changes, which occur in an estrogen-deficient state may influence male sexual behaviors.
Introduction
Sex differences in the developmental morphology of the mammalian brain are widely attributed to differences in the levels of steroid hormones. In particular, the development of the region designated the 'sexually dimorphic nucleus' (SDN) located in the medial preoptic area (MPO) is believed to be regulated by local levels of steroid hormones. 1 This nucleus is well characterized in the rat and is estimated to be approximately 5-8 times larger in male than in female rats. 1, 2 In the mouse, the SDN in the MPO is relatively uncharacterized and there are discrepancies in the literature that may be attributed to the strain of mouse analyzed. 3, 4 An SDN comparable to the rat SDN-MPO has been identified in the MPO of the DBA/2J mouse, named the pars compacta of the MPO (MPOpc). 5 In this nucleus, galanin is expressed in high abundance, and galanin expression is sexually dimorphic with female mice showing higher expression. 5 Sexual dimorphisms have also been reported in the BnST, AVPV, arcuate nucleus and ventromedial nucleus. [6] [7] [8] These sexually dimorphisms appear to be steroid responsive in most cases. [6] [7] [8] [9] [10] [11] [12] [13] Sexual dimorphisms also exist in relation to aromatase expression, with wild-type (WT) neonatal male mice showing significantly higher levels of aromatase activity in whole brain extracts when compared with female mice, and in addition, adult male mice show higher aromatase activity following testosterone treatment than their female counterparts.
14 These data suggest a role for steroid hormones such as testosterone or estrogen in the sexual differentiation of specific regions within the hypothalamus including the preoptic region.
The current study aims to first identify a sexually dimorphic group of cells comparable to the MPO-SDN in rats in either or both of two different strains of mice: C57BL/6J and 129SvEv. Furthermore, this study aims to characterize any changes in volume or cell number of cell groups within the MPO of aromatase knockout (ArKO; an estrogen-deficient mouse model) mice, 15 so as to determine the effects of lack of estrogen action on the development of the mouse MPO.
Methods

Animals
Aromatase knockout mice were generated by deleting exon IX of the Cyp19 gene and backcrossed to the 129SvEv strain. Exon IX was selected because previous studies have shown that single-point mutations in this exon have resulted in complete aromatase deficiency in human patients. 15 Consequently, while ArKO mice still show mRNA transcripts for exon IV (as shown in the aromatase exon IV in situ hybridization), with exon IX deleted, the resulting aromatase protein is nonfunctioning. We have previously shown that there was no detectable aromatase activity in the ArKO ovary (the major site of aromatase expression) or circulating estrogen detectable. 15 Homologous null or WT offspring were bred by crossing heterozygous ArKO, and genotyped by PCR. 15 Animals used in this study were 10-12 weeks of age and were housed under specific pathogen-free (SPF) and environmentally enriched conditions and had ad libitum access to water and soy-free mouse chow (Glen Forest Stockfeeders, Glen Forest, WA, Australia).
Histological studies
Brains were immersed in formalin overnight then processed to paraffin using the histokinette 2000 (Leica, Reichart Jung, VIC, Australia), and embedded in paraffin wax and sectioned at 10 mm (Paraplast tissue-embedding medium; Oxford Labware, Sherwood medical, St Louis, MO, USA). Identification of sections containing the MPO-SDN-like site were located using landmark features such as the anterior commissure (AC), optic chiasm, and third ventricle (3V), and located within Bregma 0.14 to À0.1 mm, with reference to the Mouse Brain in Stereotaxic Coordinates atlas. 16 The MPO-SDN-identified region spanned approximately 25 sections, which were 10 mm thick, therefore 250 mm in total length.
Immunohistochemistry
Immunohistochemical procedures were carried out according to the previous protocol. 17 Primary antibodies were rabbit polyclonal anti-galanin (1:50; a gift from Dr K Ho, Garvan Institute, Sydney, NSW, Australia), and mouse anti-neuronal nuclei (NeuN 1:100; Chemicon International, Temecula, CA, USA). Secondary antibodies were Alexa Fluor 488 goat antimouse IgG and Alexa Fluor 546 goat anti-rabbit IgG (1:200; Molecular Probes, Eugene, OR, USA).
Measurements and counting for immunohistochemistry Three slides were systematically random selected from within the MPO-identified region from each animal, for each individual experiment. Each section was photographed on the left side of the MPO at Â 20 magnification. According to the previously identified MPO-SDN-like region, 3,4 a rectangular grid (100 Â 80 mm) was placed over each photographed section ventral to the AC and lateral to the 3V (see Figure 1 , rectangular grid lines). Analytical Imaging Station imaging program was used to measure the area (mm 2 ) around the galanin-positive clusters found within the set grid. The volume was estimated using the Cavalieri principle and systematic random sampling, whereby uniformly spaced sections of fixed thickness, starting with a random initial section are used to estimate object volume. 18 The formula for the Cavalieri principle is
Here, the area of the three systematically selected sections was averaged and multiplied by the MPO-SDN-identified thickness of 250 mm. The galanin (red staining) and NeuN (green staining) images were then merged, and the number of galaninpositive neurons within the region contained by the rectangular grid lines was then counted. All slides were identity coded so that the analyst was unaware of the section identity.
In situ hybridization for aromatase exon IV Exon IV was selected for cloning as ArKO mice have a disruption in exon IX only, and therefore will still present with mRNA expression of aromatase exon IV. Primers used for aromatase exon IV PCR amplification were forward: 5 0 -TGGAGAACAATTCGCCC TTTC-3 0 ; and reverse: 5 0 -TGGTTTGATCAGGAGA GCTTGC-3 0 . Hybridization was carried out according to the protocol. 19 The slides were developed using Ilford Phenisol X-ray developer (Ilford Australia, Mt Waverley, VIC, Australia), fixed and lightly counterstained with 1% cresyl violet.
Counting of aromatase exon IV in situ labeled and cresyl violet stained cells Analysis was carried out in a similar fashion to the galanin immunohistochemistry, with grid lines marking out the set rectangular area within the MPO (100 Â 80 mm). Aromatase clusters were evident by intense cresyl violet (Nissl) stained clusters of cells that showed high expression of aromatase in situ hybridization silver grains, appearing as black dots. The number of aromatase-positive, Nissl-stained cells within this cluster were counted using set grid lines within the rectangle, which divided the area into five panels ( Figure 5d ). Two cells per panel from within the aromatase cluster and from outside the aromatase cluster were measured for area (mm 2 ).
Statistics
All data were analyzed statistically using a one-way ANOVA followed by a Mann-Whitney test (Graphpad PRISM version 3.0 for Windows; GraphPad Software, San Diego, CA, USA). (Figures 2c and e ; Po0.05). Again, the C57BL/6J strain did not show sexually dimorphic differences (Figure 2d) . No significant strain differences in galanin-positive neuronal numbers were found (Figure 2d ). In addition, no significant effect of genotype was found in galanin expression in the arcuate nucleus between the male 129SvEv strain of ArKO and WT (Figures 3e, f and g ), indicating that the changes in galanin expression in the male ArKO are specific to the MPO region.
In Figure 4g ). These clusters were approximately 95-195 mm more ventral from the AC and approximately 5-25 mm more lateral from the 3V than the galanin-positive clusters, making the Nissl arom cluster distinct from the galanin cluster.
Significant effects of both sex and genotype were found in Nissl arom cluster volume, in 129SvEv No effects of genotype on aromatase cell numbers were found in female mice (Figure 4k ). The average Nissl-stained cell size was consistently larger in cells within the Nissl arom cluster than cells outside the Nissl arom cluster (Figures 5a,  b and c) . In addition, male WT 129SvEv displayed significantly larger cell size within the Nissl arom cluster when compared with ArKO male (Figure 5c ; Po0.05) and WT female mice (Figure 5c ; Po0.05). Therefore, differences in the volume of the Nissl arom clusters may be due to both increases in the number and size of the cells.
Discussion
Strain and sex differences in galanin expression patterns in the MPO In the current study, we are able to locate a group of galanin-positive neurons within the MPO region in mice from both the 129SvEv and the C57BL/6J strain. These data are similar to a previous study, which also showed galanin staining within the cells and fibers of the caudal MPO just beneath the AC of both C57BL/ 6J and 129SvEv mice. 3 However, in the DBA/2J strain of mice, the MPOpc has been shown to express high levels of galanin in a sexually dimorphic manner, with female mice showing higher numbers. 4 Mathieson et al. 4 also reported no existence of an MPOpc in the C57BL/6J strain, and fewer overall galaninpositive neurons within the entire MPO region. 4 In contrast, we report the presence of a cluster of galanin-positive neurons within the MPO of both C57BL/6J and 129SvEv mice, and, in fact, the volumes of the galanin-positive clusters within the MPO of C57BL/6J mice were actually larger than that of 129SvEv. In addition, we report that in the 129SvEv strain, male mice actually showed larger galanin-positive cluster volumes and cell numbers than their female counterparts.
Strain and sex differences in Nissl and aromatase expression patterns in the MPO Striking strain differences were observed in the current study, as although a distinct cluster of aromatase-positive and dense Nissl-counterstained cells were located in 129SvEv mice similar to that of the rat SDN-MPO, no such discernable clusters of cells were identified within the MPO of C57BL/6J mice. Mathieson et al. 4 found similar strain differences and was unable to identify the MPOpc in C57BL/6J mice by Nissl substance. Thus, the size and even the existence of sexually dimorphic cell groups within the MPO are dependent on the strain of mice. This is particularly important when analyzing sexual behaviors of mice, particularly knockout or transgenic mice, which are usually a hybrid cross between C57BL/6J and 129SvEv.
Lack of estrogen leads to a decrease in volume and cell numbers of galanin-and aromatase-positive cell groups As sexual dimorphisms were only observed in the 129SvEv strain, we proceeded to analyze the ArKO mice bred onto the 129SvEv strain to investigate the effect of estrogen on the sexually dimorphic cell Previous studies in rats have shown that more galanin-positive cells exist within the SDN-MPO of male than female rats, and in addition a large percentage of estrogen-concentrating cells within the MPO are also galanin positive, [20] [21] [22] indicating hormonal control of galanin expression. 21, 22 This correlates with our current study, which reports a reduction in size and number of galanin-positive cell clusters in male ArKO mice, suggesting a role for estrogen in galanin expression patterns in the mouse MPO.
Aromatase positive, Nissl dense, cluster volumes, cell number and cell size were all greater in the male WT compared with male ArKO, with male ArKO Nissl arom clusters again resembling those of female WT rather than male WT animals. Therefore, both cell groups indicate feminine expression patterns in the MPO of the male ArKO.
Reduced cell group volumes in the male ArKO may correlate to sexual behavior disruptions Galanin expression within the MPO has been previously shown to play a role in stimulating male-typical sexual behaviors such as increasing mounting frequencies and reducing mount latencies. 22 The reduction in galanin-expressing cells within the MPO of male ArKO mice may be a contributing factor to the severe disruption of sexual behavior, which has previously been reported in the male ArKO mouse. 23 The 14-week-old male ArKO mice failed to display any mounting attempts during the 20-min interaction with receptive WT female mice. 23 Nevertheless, 50% of male ArKO mice, at the same age, were able to sire litters, 23 indicating that while certain aspects of sexual behavior (such as sexual motivation) may be reduced, copulatory behavior is not completely absent. Therefore, decreases in the size of sexually dimorphic galaninpositive cell groups in the male ArKO may be correlated to decreases in male sexual motivation instead of male sexual behavior.
As mentioned previously, the size of the SDN-MPO is positively correlated with male sexual behavior in rats and sheep; [24] [25] [26] [27] [28] [29] [30] [31] therefore, the reduction in volume of the sexually dimorphic Nissl arom clusters in the male ArKO mouse, which resemble the rat SDN-MPO, may correlate with the lack of sexual behavior (or sexual motivation) previously reported. 23 It has been well established that SDN volume in rats is significantly and positively correlated to male sexual behavior. 25, 28 In addition, bilateral lesions over the SDN region have resulted in reduced male sexual behavior. 32 This holds true for nonsexually experienced rats 27 and rats with prior sexual experience, although only in lesions covering the dorsal SDN region. 24 In addition, prenatal and pre-plus neonatal treatment with the aromatase inhibitor ATD, reduced SDN volume in male rats, and accordingly, sexual behavior measures such as frequency of mounts, Sexually dimorphic cell groups in MPO of 129SvEv RA Hill et al intromission and ejaculation were all reduced upon pre-plus neonatal ATD treatment, 28 thus demonstrating an estrogenic component in regulating the volume of the SDN and the control of male sexual behavior, which is consistent with our current findings in the male ArKO mouse.
Several studies have shown that adult treatment with 17b-estradiol almost completely restores male copulatory behavior in male ArKO mice with targeted mutations in exons 1 and 2 of the Cyp19 gene. [33] [34] [35] These data suggest that estradiol has strong activational effects on male sexual behavior in mice. In addition, using the androgen receptor knockout mouse, it was demonstrated that the development of male sexual behaviors in mice requires androgen receptor function. 36 Further studies using prepubertal and adult gonadectomized mice followed by placebo, estradiol or testosterone replacement, would enable us to decipher the exact role of steroid hormones in the development of sexually dimorphic cell groups in the MPO and the regulation of male sexual behaviors in mice.
In summary, we have demonstrated the presence of two sexually dimorphic cell clusters-a galaninpositive neuronal cluster and a Nissl-dense, aromatase-positive cell cluster in the 129SvEv mouse strain-and the development of these cell groups may be influenced by local levels of estrogen. These structural changes in the MPO that occur in an estrogen-deficient state may be contributing factors to the loss of sexual behavior previously reported in the male ArKO mouse. 23 
